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FIG. 4. Colocalization of wild-type (WT), Y72A, and Y79A RIDa with membrane-compartment markers. HEK-293 cells transiently expressing
wild-type, Y72A, or Y79A mutant proteins were costained with antibodies to the FLAG-tagged viral protein (red channel) and to the TGN marker
furin (A) or the endocytic marker TfR (B) (green channel) and DAPI (blue channel) for analysis by confocal microscopy. Red and green channels
were merged, and “yellow” indicates the overlap of red and green fluorescence. Higher-magnification images of outlined areas are shown to the

right of each set of panels. Size markers, 10 pm.

molecule located at the plasma membrane. However, this re-
gion cannot be labeled by conventional surface biotinylation,
since it lacks residues with free amino groups. We therefore
took advantage of the fact that both RIDa molecular weight
species form disulfide-linked dimers at Cys31 (highlighted in
Fig. 1A) (27). Hence, disulfide bonds on proteins located at the
cell surface should be reduced if cells are exposed to an exter-

nal reducing agent, such as cysteine, while intracellular pro-
teins are protected (4, 36). Transfected cells were subjected to
pulse-chase metabolic labeling and then incubated with cys-
teine-containing medium and lysed in the presence of iodo-
acetamide to prevent de novo disulfide bond formation. When
RIDa immune complexes were resolved under nonreducing
conditions (i.e., in the absence of DTT), radiolabeled proteins
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FIG. 5. Subcellular distribution of wild-type and Y72A RIDa proteins. (A) CHO cells were fractionated on Percoll gradients, and individual
fractions were assayed for B-hexosaminidase activity (open circles). Cells were also fractionated after they had been incubated with '**I-transferrin
for 30 min on ice (open squares) or after they were transfected with a human EGFR expression plasmid and incubated with *I-EGF for 30 min
on ice 48 h later (open triangles). Enzyme activity or radioactivity was plotted as a percentage of total activity or radioactivity detected across the
entire gradient. (B) Equal aliquots of total cellular protein from individual cell fractions were immunoblotted (IB) with antibodies to well-
characterized markers of the Golgi body (gp125) and of the plasma membrane and early endosomes (TfR). (C) CHO cells were transfected with
wild-type (WT) or Y72A RIDa plasmids, and immune complexes from individual Percoll gradient fractions were analyzed by immunoblotting with
a RIDa-specific antibody. (D and E) CHO cells transfected as described for panel C and nontransfected CHO cells were pulse-labeled and then
switched to chase medium to allow proteins to reach their steady-state localization. Proteins were immunoprecipitated and analyzed by SDS-PAGE
under standard reducing conditions (+DTT) or were immunoprecipitated from cells subjected to surface reducing (+) or sham (—) conditions

followed by SDS-PAGE under nonreducing conditions (—DTT).
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FIG. 6. Effect of nocodazole on RIDa protein subcellular localization. CHO cells transiently expressing wild-type or Y72A mutant proteins
were pretreated with dimethyl sulfoxide vehicle (Veh) or nocodazole (Noc; 100 uM) for 30 min prior to staining with antibody to the FLAG-tagged
viral protein (red channel) and with DAPI (blue channel). Cell outlines (in green) were made with the MetaMorph program using phase contrast

images as a guide. Size markers, 10 wm.

migrated as high-molecular-weight dimers, regardless of
whether or not cells were exposed to extracellular cysteine
(Fig. 5D). Introduction of the Y72A mutation had no effect on
the resistance of high-molecular-weight dimers to surface re-
duction. This result was in contrast to that for disulfide-linked
TfRs, which were partially reduced by external cysteine (Fig.
SE), consistent with approximately 20% to 45% of this mole-
cule exhibiting plasma membrane localization, with the re-
mainder in endocytic compartments (34, 47). These data con-
firm that the majority of wild-type and mutant proteins are
localized to intracellular membrane compartments at steady
state.

Endosomal compartments are dispersed throughout the cy-
toplasm following a brief exposure to the microtubule-depoly-
merizing agent nocodazole (30). We have shown previously
that wild-type RIDa displays the same behavior, consistent
with the viral protein’s localization to endocytic compartments
(A. H. Shah, N. L. Cianciola and C. Carlin, submitted for
publication). We therefore reasoned that a similar treatment
should have little or no effect on localization of the RIDa
protein with the Y72A substitution if the mutant protein ac-
cumulates in a biosynthetic compartment, as is indicated by the
results shown in Fig. 4 and 5. Results in Fig. 6 indicate that
nocodazole has a very modest effect on the distribution of the
Y72A mutant protein compared to vesicles with wild-type

RIDa that were redistributed from the perinuclear region to
the peripheral cytosol. Altogether, these data suggest that the
mutant protein is retained in the biosynthetic pathway and
mostly excluded from a nocodazole-sensitive endocytic path-
way.

Y72A and Y79A point mutations prevent EGFR downregu-
lation by RIDa. Although many functions have now been
associated with this Ad protein, RIDa was first identified be-
cause of its ability to specifically reduce EGFR plasma mem-
brane expression (7). Thus, studies were carried out to deter-
mine the effect of the Y72A and Y79A mutations in RIDa on
EGFR metabolic stability in CHO cells expressing both pro-
teins. Cells were cotransfected with viral protein and human
EGFR plasmids and harvested for total cellular protein or
pulse-labeled with [**S]cysteine for 30 min to measure protein
stability. When viral protein immune complexes were exam-
ined by immunoblotting, we observed that wild-type and mu-
tant viral proteins were expressed at similar levels at 48 h
posttransfection (Fig. 7A). The EGFR acquires seven to nine
N-linked high-mannose oligosaccharides cotranslationally that
are processed to complex carbohydrates during Golgi body
maturation, resulting in retarded migration on SDS-polyacryl-
amide gels (5). A molecular weight species corresponding to
the high-mannose oligosaccharide EGFR precursor was de-
tected in cells cotransfected with an empty vector control or
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FIG. 7. Effect of Y72A and Y79A point mutations on RIDa ex-
pression and function in mammalian cells. CHO cells were cotrans-
fected with plasmid expressing the human EGFR along with a plasmid
expressing wild-type RIDa (WT), plasmids expressing RIDa with a
Y72A or Y79A substitution, or an empty vector (Sham). (A) Equal
aliquots of total cell protein were resolved by SDS-PAGE, transferred
to nitrocellulose, and immunoblotted with a RIDa-specific antibody.
(B) The cells were radiolabeled with [**S]cysteine for 30 min, starting
at 48 h posttransfection, and harvested either immediately or following
a 5-h chase in medium with an excess of nonradioactive cysteine.
EGFR immune complexes were resolved by SDS-PAGE and detected
by autoradiography. IP, immunoprecipitation.

plasmids encoding wild-type or mutant viral protein in cells
that were harvested immediately after a 30-min pulse-label
(Fig. 7B), showing that the EGFR is synthesized to similar
extents in all four populations of transfected cells. The molec-
ular weight species corresponding to the mature EGFR pro-
tein with complex carbohydrates was detected in cells trans-
fected with the empty vector control or with plasmids encoding
the Y72A or Y79A mutant proteins after a 5-h chase with
nonradioactive amino acid precursors. This was in contrast to
cells expressing wild-type RIDa, where mature EGFR protein
was not detected, consistent with the known ability of RIDa to
target EGFR to lysosomes for degradation in the absence of
other Ad proteins (25). Thus, the Y72A mutation appears to
block the ability of the viral protein to facilitate EGFR degra-
dation. RIDa with the Y79A mutation also does not down-
regulate the receptor, even though these mutants appear to
localize to endosomes (Fig. 4B). The loss-of-function pheno-
type associated with the Y79A mutant can likely be attributed
to the fact that this region mediates protein-protein interac-
tions with ORP1L (Shah et al., submitted), a Rab7 effector that
links late endocytic vesicles to minus end-directed microtubule
motor complexes (31).

DISCUSSION

The E3 region is not required for viral replication; never-
theless, it plays a critical role in Ad pathogenesis (15). The
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importance of this region is underscored by the fact that the
first generation of Ad gene therapy vectors which contained
large E3 deletions were ultimately deemed unsafe (14). E3
genes encode integral membrane proteins that regulate a va-
riety of host cell functions involved in innate immunity and
inflammatory responses. The ability of these proteins to modify
host cell function is due in part to cytosolic tail sequences that
interact with sorting machinery and target membrane proteins
to specific intracellular compartments. The E3 protein RIDa
was originally identified because of its ability to downregulate
the EGFR (7) and other related receptor tyrosine kinases (35).
In this study, we have demonstrated that RIDa residues 71-
AYLRH comprise a binding site for AP complexes and that
Tyr72 is required for RIDa localization to endosomes and its
ability to downregulate the EGFR. These findings support
previous studies concluding that RIDa acts by targeting
EGFRs undergoing constitutive recycling to the plasma mem-
brane (10, 26, 28). The fact that 71-AYLRH is precisely con-
served in all Ad serotypes that have been sequenced except for
Ad12 suggests its fundamental importance in a majority of
Ad-induced diseases (7).

Although the mutation of Tyr72 to an alanine residue leads
to a clear reduction in AP binding in vitro (Table 1), 71-
AYLRH does not conform to classical tyrosine-dependent
YXX@ motifs that have a preference for hydrophobic residues
with bulky side chains at the @ position (39). Instead, it has a
histidine residue that is mildly basic and hydrophilic. However,
many other factors contribute to sorting signal recognition,
including the position of the signal relative to the membrane
and to the carboxyl terminus and the presence of amino acid
residues in areas adjacent to the signal. We have reported
previously that 71-AYLRH exists in an amphipathic helix that
is stabilized by interactions with a membrane-mimetic phos-
pholipid micelle surface based on data obtained using nuclear
magnetic resonance spectroscopic methods (45). This close
degree of membrane association could have an important role
in regulating the availability of the signal for interaction with
APs. Thus, 71-AYLRH may be masked when the cytoplasmic
tail is intimately associated with membrane, while cellular
events that result in its translocation into the cytosol could
make it available for binding APs. Some examples that could
bring about such a change include modulation by another
membrane protein, changes in the endosomal pH or ionic
environment as RIDa traverses different cellular compart-
ments, posttranslational modification, or a dramatic shift in the
tilt or membrane placement of the adjacent transmembrane
helix. For example, we have recently demonstrated that RIDa
function is highly dependent on reversible palmitoylation at a
residue in the cytosolic tail (N. L. Cianciola and C. Carlin,
unpublished data), suggesting that the association of the RID«
cytosolic tail with membranes is tightly regulated in cells (17).
The possibility that 71-AYLRH availability is regulated by a
transmembrane mechanism is particularly intriguing since the
RIDa loop domain connecting its two membrane spanning
domains resides in compartmental lumens. Thus, the trans-
membrane domain could act as a conduit to fine-tune 71-
AYLRH recognition at specific subcellular organelles.

Even though 71-AYLRH recognizes two different classes of
APs, we have demonstrated that AP-1 and AP-2 do not com-
pete for binding to RIDa in vitro (Fig. 3C) and that mutation
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FIG. 8. Summary model. Data presented in this study suggest that newly synthesized RIDa is delivered directly from the TGN to endosomes
(open arrows) where it encounters EGFRs undergoing constitutive recycling to the plasma membrane (dashed arrows). Since RIDa proteins with
a defective AP binding site accumulate in the Golgi body and TGN, we conclude that newly synthesized RIDa proteins encounter AP-1 necessary
for incorporation into clathrin-coated vesicles (CCV), which are necessary for exiting the biosynthetic compartment. Data also show that RIDa
is delivered directly to endosomes and not the plasma membrane, suggesting that the ability of the viral protein to bind AP-2 serves a quality control
function in which proteins that “leak” to the plasma membrane are quickly endocytosed and retargeted to their appropriate intracellular locations.
Although the EGFR and RIDa are both transported to late endosomes (LE) via multivesicular body (MVB) transport intermediates (solid
arrows), only EGFR is degraded. EE and RE, early and recycling endosomes, respectively; MT, microtubule.

of adjacent residue Tyr79 leads to increased binding of AP-2
but diminished binding to AP-1 (Table 1). Thus, it seems likely
that AP-1 and AP-2 recognize distinct but overlapping sets of
tyrosine-based sorting signals in RIDa. The Y72A mutation
traps RIDa in the TGN (Fig. 4B) but not the plasma mem-
brane (Fig. 5D) suggesting the Ad protein encounters AP-1
first in the biosynthetic pathway. AP-2 is known to interact with
a majority of tyrosine-based signals identified for other mole-
cules, in agreement with studies showing that most naturally
occurring signals mediate internalization (37). The broad spec-
ificity of AP-2 recognition implies that it serves a quality con-
trol function to retarget membrane proteins to their correct
intracellular location that escape to the plasma membrane (2).
This would suggest that the plasma membrane may not be an
obligatory membrane transport destination for RIDa and that
a majority of RIDa is delivered directly to endosomes (see
summary model in Fig. 8). Accordingly, even though RIDa can
be detected on the plasma membrane, this localization corre-
lates with high levels of protein expression and constitutes a
relatively minor fraction of the total protein in the cell (10).
This is entirely consistent with the quality control role for AP-2
that has been proposed for membrane proteins that leak to the
plasma membrane.

In addition to the Tyr72-based sorting motif, RID« also has
a potential dileucine-based motif located at residues 87-LL
(Fig. 1A). Although another laboratory has published a study
saying that these residues constitute an AP-2 binding site (21),
those results were not substantiated in the present study. We
did observe that AP binding was remarkably insensitive to pH
or salt (Fig. 3D), supporting a role for hydrophobic interac-

tions either within the signal itself or in adjacent regions. It is
possible that the dialanine substitution at 87-LL analyzed in
reference 21 lowers the overall strength of AP binding. Inter-
estingly, 87-LL is part of a larger motif that is precisely con-
served in the EGFR (26), suggesting its involvement in cargo
selection and/or targeting EGFRs to lysosomes. This conjec-
ture is supported by evidence that this sequence in the EGFR
is necessary for ligand-induced trafficking to lysosomes (32, 33)
and also RIDa-mediated diversion of recycling EGFRs to
lysosomes (44). Thus, although 87-LL may not be directly
involved in AP recognition, it undoubtedly has an important
role in RIDa function at least as it relates to EGFR down-
regulation. The 87-LL motif shared with the EGFR is found in
group C Ad2 and AdS; however, this region is not precisely
conserved in other serotypes (7). Thus, different Ads may vary
in their ability to specifically target the EGFR.

RIDa has been associated with other activities besides
EGFR downregulation. For example, the RID complex (com-
prised of RIDa and RIDB) downregulates death receptors,
including TNFR1 and FAS (9). However, mutagenesis studies
support a model where the RID complex acts on TNFR1 at the
plasma membrane, in contrast to FAS, where the functional
interaction occurs intracellularly. These seemingly paradoxical
results are best understood by considering the many steps
involved in receptor downregulation. These include cargo se-
lection, sorting to specific endocytic compartments involved in
transport to lysosomes, and coupling to microtubules necessary
for transporting MVB intermediates to the perinuclear region
(19). We have already discussed the idea that the molecular
basis for RIDa-mediated EGFR cargo selection likely involves
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the dileucine motif that is conserved in EGFR and RIDa
encoded by Ad2 and AdS. In addition, we have recently dis-
covered that RIDa interacts with Rab7 effectors, including
RILP and ORPI1L, which are necessary for microtubule-de-
pendent transport (Shah et al., submitted). Thus, it is likely
that RIDa regulates EGFR downregulation at multiple levels.
Other cargoes could require accessory molecules to deliver
specific receptors to endosomes once the maturation process is
under way. Thus, RIDB may promote TNFR1 uptake to en-
dosomes, whereupon they are then sorted to lysosomes by a
mechanism involving RIDa-dependent endosomal maturation.
This conjecture is consistent with the observation that RID@
binds AP-2 and that AP-2 is required for RID-mediated down-
regulation of TNFR1 but not FAS (9). The ability to “mix and
match” different aspects of RID function may have evolved to
allow Ads to fine-tune RID activity in different cell types or
during acute versus persistent infections.

ACKNOWLEDGMENTS

These studies were done with the support of the Pediatric Imaging
Center of University Hospitals of Cleveland, with the help of Sarah
Richer Dawson. We also thank Kim Preston for technical assistance
and Song J. Kil for critically reviewing the manuscript.

This work was supported by Public Health Service grant RO1
GM64243. N.L.C. was supported in part by NIH HL-007653, and
A.H.S. was supported in part by a Cell and Molecular Biology Training
Grant awarded through the National Institute of General Medical
Sciences.

REFERENCES

1. Avila, M. M., G. Carballal, H. Rovaletti, B. Ebekian, M. Cusminsky, and M.
Weissenbacher. 1989. Viral etiology in acute lower respiratory infections in
children from a closed community. Am. Rev. Respir. Dis. 140:634-637.

2. Bonifacino, J., and L. Traub. 2003. Signals for sorting of transmembrane
proteins to endosomes and lysosomes. Annu. Rev. Biochem. 72:395-447.

3. Brandt, C. D., H. W. Kim, A. J. Vargosko, B. C. Jeffries, J. O. Arrobio, B.
Rindge, R. H. Parrott, and R. M. Chanock. 1969. Infections in 18,000 infants
and children in a controlled study of respiratory tract disease. I. Adenovirus
pathogenicity in relation to serologic type and illness syndrome. Am. J.
Epidemiol. 90:484-500.

4. Bretscher, A. 1989. Rapid phosphorylation and reorganization of ezrin and
spectrin accompany morphological changes in A431 cells induced by EGF.
J. Cell Biol. 108:921-930.

5. Carlin, C. R., and B. B. Knowles. 1986. Biosynthesis and glycosylation of the
epidermal growth factor receptor in human tumor-derived cell lines A431
and Hep 3B. Mol. Cell. Biol. 6:257-264.

6. Carlin, C. R., D. Simon, J. Mattison, and B. B. Knowles. 1988. Expression
and biosynthetic variation of the epidermal growth factor receptor in human
hepatoma-derived cell lines. Mol. Cell. Biol. 8:25-34.

7. Carlin, C. R., A. E. Tollefson, H. A. Brady, B. L. Hoffman, and W. Wold.
1989. Epidermal growth factor receptor is down-regulated by a 10,400 MW
protein encoded by the E3 region of adenovirus. Cell 57:135-144.

8. Chavrier, P., R. G. Parton, H. P. Hauri, K. Simons, and M. Zerial. 1990.
Localization of low molecular weight GTP binding proteins to exocytic and
endocytic compartments. Cell 62:317-329.

9. Chin, Y. R., and M. S. Horwitz. 2005. Mechanism for removal of tumor
necrosis factor receptor 1 from the cell surface by the adenovirus RIDa/B
complex. J. Virol. 79:13606-13617.

10. Crooks, D., S. J. Kil, J. M. McCaffery, and C. Carlin. 2000. E3-13.7 integral
membrane proteins encoded by human adenoviruses alter epidermal growth
factor receptor trafficking by interacting directly with receptors in early
endosomes. Mol. Biol. Cell 11:3559-3572.

11. Fessler, S., F. Delgado-Lopez, and M. Horwitz. 2004. Mechanisms of E3
modulation of immune and inflammatory responses. Curr. Top. Microbiol.
Immunol. 273:113-135.

12. Giard, D. J., S. A. Aaronson, G. J. Todaro, P. Arnstein, J. H. Kersey, H.
Dosik, and W. P. Parks. 1973. In vitro cultivation of human tumors. J. Natl.
Cancer Inst. 51:1417-1423.

13. Ginsberg, H. 1999. The life and times of adenoviruses. Adv. Virus Res.
54:1-13.

14. Ginsberg, H. 1996. The ups and downs of adenovirus vectors. Bull. N.Y.
Acad. Med. 73:53-58.

15. Ginsberg, H. S., and G. A. Prince. 1994. The molecular basis of adenovirus
pathogenesis. Infect. Agents Dis. 3:1-8.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

RIDa TARGETING AND FUNCTION 10449

. Graham, F. L., J. Smiley, W. C. Russell, and R. Nairn. 1977. Characteristics

of a human cell line transformed by DNA from human adenovirus type 5.
J. Gen. Virol. 36:59-74.

. Greaves, J., and L. H. Chamberlain. 2007. Palmitoylation-dependent protein

sorting. J. Cell Biol. 176:249-254.

. Green, S. A., K. P. Zimmer, G. Griffiths, and I. Mellman. 1987. Kinetics of

intracellular transport and sorting of lysosomal membrane and plasma mem-
brane proteins. J. Cell Biol. 105:1227-1240.

Gu, F., and J. Gruenberg. 1999. Biogenesis of transport intermediates in the
endocytic pathway. FEBS Lett. 452:61-66.

Hayflick, L. 1965. The limited in vitro lifetime of human diploid cell strains.
Exp. Cell Res. 37:614-636.

Hilgendorf, A., J. Lindberg, Z. Ruzsics, S. Honing, A. Elsing, M. Lofqvist, H.
Engelmann, and H.-G. Burgert. 2003. Two distinct transport motifs in the
adenovirus E3 proteins act in concert to down-modulate apoptosis receptors
and the epidermal growth factor receptor. J. Biol. Chem. 278:51872-51884.
Hirota, K., M. Murata, T. Itoh, J. Yodoi, and K. Fukuda. 2001. Redox-
sensitive transactivation of epidermal growth factor receptor by tumor
necrosis factor confers the NF-kappa B activation. J. Biol. Chem. 276:25953—
25958.

Hobert, M. E., S. Kil, and C. R. Carlin. 1997. The cytoplasmic juxtamem-
brane domain of the epidermal growth factor receptor contains a novel
autonomous basolateral sorting signal. J. Biol. Chem. 272:32901-32909.
Hoffman, B. L., K. Takishima, M. R. Rosner, and C. Carlin. 1993. Adeno-
virus and protein kinase C have distinct molecular requirements for regu-
lating epidermal growth factor receptor trafficking. J. Cell. Physiol. 157:
535-543.

Hoffman, B. L., A. Ullrich, W. Wold, and C. Carlin. 1990. Retrovirus-medi-
ated transfer of an adenovirus gene encoding an integral membrane protein
is sufficient to down regulate the receptor for epidermal growth factor. Mol.
Cell. Biol. 10:5521-5524.

Hoffman, P., and C. Carlin. 1994. Adenovirus E3 protein causes constitu-
tively internalized EGF receptors to accumulate in a prelysosomal compart-
ment, resulting in enhanced degradation. Mol. Cell. Biol. 14:3695-3706.
Hoffman, P., M. B. Yaffe, B. L. Hoffman, S. Yei, W. S. M. Wold, and C.
Carlin. 1992. Characterization of the adenovirus E3 protein that down-
regulates the epidermal growth factor receptor. J. Biol. Chem. 267:13480—
13487.

Hoffman, P. H., P. Rajakumar, B. Hoffman, R. Heuertz, W. S. M. Wold, and
C. R. Carlin. 1992. Evidence for intracellular down-regulation of the
epidermal growth factor receptor during adenovirus infection by an EGF-
independent mechanism. J. Virol. 66:197-203.

Horwitz, M. S. 2004. Function of adenovirus E3 proteins and their interac-
tions with immunoregulatory cell proteins. J. Gene Med. 6(Suppl. 1):S172—
S183.

Husain, M., and B. Moss. 2003. Intracellular trafficking of a palmitoylated
membrane-associated protein component of enveloped vaccinia virus. J. Vi-
rol. 77:9008-9019.

Johansson, M., N. Rocha, W. Zwart, 1. Jordens, L. Janssen, C. Kuiji, V. M.
Olkkonen, and J. Neefjes. 2007. Activation of endosomal dynein motors by
stepwise assembly of Rab7-RILP-p1509™d ORPI1L, and the receptor BllI
spectrin. J. Cell Biol. 176:459-471.

Kil, S., and C. Carlin. 2000. EGF receptor residues Leu®”’, Leu®®” mediate
selective sorting of ligand-receptor complexes in early endocytic compart-
ments. J. Cell. Physiol. 185:47-60.

Kil, S. J., M. E. Hobert, and C. Carlin. 1999. A leucine-based determinant
in the EGF receptor juxtamembrane domain is required for the efficient
transport of ligand-receptor complexes to lysosomes. J. Biol. Chem. 274:
3141-3150.

Klausner, R. D., J. Van Renswoude, G. Ashwell, C. Kempf, A. N. Schecter, A.
Dean, and K. R. Bridges. 1983. Receptor-mediated endocytosis of transferrin
in K562 cells. J. Biol. Chem. 258:4715-4724.

Kuivinen, E., B. L. Hoffman, P. A. Hoffman, and C. R. Carlin. 1993. Struc-
turally related class I and class II receptor protein tyrosine kinases are
down-regulated by the same E3 protein coded by human group C adenovi-
ruses. J. Cell Biol. 120:1271-1279.

Low, S. H., B. L. Tang, S. H. Wong, and W. Hong. 1992. Selective inhibition
of protein targeting to the apical domain of MDCK cells by brefeldin A.
J. Cell Biol. 118:51-62.

Marks, M. S., H. Ohno, T. Kirchhausen, and J. S. Bonifacino. 1997. Protein
sorting by tyrosine-based signals: adapting to the Ys and wherefores. Trends
Cell Biol. 7:124-128.

Monick, M. M., K. Cameron, J. Staber, L. S. Powers, T. O. Yarovinsky, J. G.
Koland, and G. W. Hunninghake. 2005. Activation of the epidermal growth
factor receptor by respiratory syncytial virus results in increased inflamma-
tion and delayed apoptosis. J. Biol. Chem. 280:2147-2158.

Ohno, H,, R. C. Aguilar, D. Yeh, D. Taura, T. Saito, and J. S. Bonifacino. 1998.
The medium subunits of adaptor complexes recognize distinct but overlapping
sets of tyrosine-based sorting signals. J. Biol. Chem. 273:25915-25921.

Puck, T. T., S. J. Cieciura, and A. Robinson. 1958. Genetics of somatic
mammalian cells. III. Long-term cultivation of euploid cells from human and
animal subjects. J. Exp. Med. 108:945-956.

1sanb Aq 210z ‘9T Ateniga- uo /B0 wse’Ialy:dny woly papeojumod


http://jvi.asm.org/

10450

41.
42.

43.

44,

CIANCIOLA ET AL.

Robinson, M. 1993. Assembly and targeting of adaptin chimeras in trans-
fected cells. J. Cell Biol. 123:67-77.

Robinson, M. S., and J. S. Bonifacino. 2001. Adaptor-related proteins. Curr.
Opin. Cell Biol. 13:444-453.

Stewart, A., A. Tollefson, P. Krajcsi, S. Yei, and W. Wold. 1995. The adeno-
virus E3 10.4K and 14.5K proteins, which function to prevent cytolysis by
tumor necrosis factor and to down-regulate the epidermal growth factor
receptor, are localized in the plasma membrane. J. Virol. 69:172-181.
Tsacoumangos, A., S. J. Kil, L. Ma, F. D. Sonnichsen, and C. Carlin. 2005. A
novel dileucine lysosomal-sorting-signal mediates intracellular EGF-receptor
retention independently of protein ubiquitylation. J. Cell Sci. 118:3959-3971.

45.

46.

47.

J. VIROL.

Vinogradova, O., C. R. Carlin, F. D. Sonnichsen, and C. R. Sanders. 1998. A
membrane setting for the sorting motifs present in the adenovirus E3-13.7
protein which down-regulates the epidermal growth factor receptor. J. Biol.
Chem. 273:17343-17350.

Waterfield, M. D., E. L. V. Mayes, P. Stroobant, P. L. P. Bennet, S. Young,
P. N. Goodfellow, G. S. Banting, and B. Ozanne. 1982. A monoclonal anti-
body to the human epidermal growth factor receptor. J. Cell. Biochem.
20:149-161.

Weiel, J. E., and T. A. Hamilton. 1984. Quiescent lymphocytes express
intracellular transferrin receptors. Biochem. Biophys. Res. Commun. 119:
598-603.

1sanb Aq 210z ‘9T Ateniga- uo /B0 wse’Ialy:dny woly papeojumod


http://jvi.asm.org/

